The constitutive endothelial cell nitric oxide synthase (NOS) importantly regulates vascular homeostasis. To gain understanding of this enzyme, a pEF BOS cDNA library of 5 X 105 clones was prepared from bovine aortic endothelial cells (BAEC) and screened with a 2.8-kb cDNA BamHI fragment of rat brain NOS. Clone pBOS13 was found to express NO synthase activity when transfected into COS-7 cells. Sequence analysis revealed sequences compatible with binding domains for calcium/calmodulin, flavin mononucleotide, flavin adenine nucleotide and NADPH. The deduced amino acid sequence revealed a protein with a relative mol mass of 133,286, which is 58% homologous to the rat cerebellar NOS and 51% homologous to the mouse macrophage NOS. The amino-terminal portion of the protein exhibits several characteristics peculiar to the endothelial cell NOS. These include a proline-rich region and several potential sites for proline-directed phosphorylation as well as a potential substrate site for acyl transferase. Northern hybridization to mRNA from cultured BAEC revealed an abundant 4.8-kb message, which was not increased by coincubation with tumor necrosis factor a, but was markedly increased by exposure to shear stress for 24 h. The unique features of the endothelial cell NO synthase, particularly in the amino terminal portion of the molecule, may provide for novel regulatory influences of enzyme activity and localization. (J.
Introduction
The endothelium-derived relaxing factor has been shown to be either nitric oxide ( 1 ) or a closely related compound (2) that is synthesized from the guanidino nitrogens of arginine (3) . The enzyme responsible for the production of nitric oxide from arginine, nitric oxide synthase (NOS) 1 has recently been iden-tified not only in the endothelium, but also in cerebellum (4), macrophage (5) , and neutrophils (6) . NO synthesis requires tetrahydrobiopterin (7) , flavin adenine nucleotide (8, 9) , and NADPH as cofactors (10) . The brain and endothelial cell enzymes require calcium and calmodulin ( 11, 12) , while the role of these regulatory factors in the macrophage and neutrophil are less well defined (9, 13) . The brain NO synthase is cytosolic in location (9) , while the endothelial cell enzyme is predominantly membrane bound ( 14) . Recently, the brain and macrophage NO synthase cDNAs have been cloned and amino acid sequences determined (15) (16) (17) . The numerous differences between the brain, macrophage, and endothelial cell NOS suggest that the molecular structures of these isoforms are different.
To characterize the endothelial NOS, we have isolated its cDNA from bovine endothelial cells and determined its nucleotide and deduced amino acid sequence. As an initial approach to explaining its regulatory features, we have demonstrated that expression of NO synthase mRNA is enhanced by exposure to increased shear stress.
Methods cDNA Library Screening. Poly A( +) RNA was prepared from cultured bovine aortic endothelial cells (BAEC) and cDNA synthesized using both oligo-dT and random hexamer primers (Superscript Choice System; Gibco-Bethesda Research Laboratories, Gaithersburg, MD). After ligation with BstXI adapters, the size-fractionated cDNA was ligated into the BstXI sites ofthe pEF-BOS expression vector ( 18) . A 5 x I0O independent clone library was obtained after electrotransformation of Escherichia coli DH5a. The library was screened by colony hybridization using a 2.8-kb BamHI fragment (representing nucleotides 1830-4641 ) from the rat brain NO synthase cDNA ( 15) (provided by Dr. David Bredt, Dept of Neuroscience, Pharmacology, and Molecular Science, Johns Hopkins University, Baltimore, MD), which was labeled with [a32P dCTP using the random primer method and T7 DNA polymerase. Hybridization was performed overnight on nitrocellulose membranes at 42°C in 6X standard saline citrate (SSC), 5x Denhardt's solution, 50% formamide, 0.5% SDS, and 10 ,g/ml sheared salmon sperm DNA. These were washed at 52°C in 2X SSC, 0.1% SDS and exposed to X-AR film. Hybridizing colonies were purified by successive rounds of screening and overlapping clones identified by restriction enzyme analysis. cDNA inserts from isolated clones of pBOS 4.1 and pBOS-13 were subcloned into pBluescript and nested deletions were prepared using exonuclease III. Both strands of cDNA were sequenced by the dideoxy chain termination method ( 19) using a Sequenase kit (U.S. Biochemical Corp., Cleveland, OH) according to the manufacturer's directions. Clone pBOS-13 was isolated from the library using a 0.9-kb SstI fragment from the 5' end of the clone pBOS 4. 1.
Expression ofNO synthase. COS-7 cells were grown to confluence in 3.5-cm plates in DMEM and 10% FCS plus penicillin and streptomycin. At the time of transfection, the medium was replaced with a reduced serum medium, (Opti-MEM I; Gibco-Bethesda Research Laboratories) and 20 gg of plasmid DNA and 50 Mg lipofection reagent (Gibco-Bethesda Research Laboratories, 1 gg/ml) were added to the media for 24 h. NO synthase activity was measured 48 h thereafter.
NO synthase activity was measured by examining production of nitrite, the stable degradation product of nitric oxide, by transfected COS-7 cells. Cells were washed gently three times with a modified Krebs/Hepes buffer (composition [mM]: NaCl 99.0, KCI 4.69, CaCl2 1.87, MgSO4 1.2, NaHCO3 25, K2HPO4, Na-Hepes 20, D-glucose 1 1.1 ), and then incubated in 2 ml of the Krebs/Hepes buffer with or without 1 MM calcium ionophore A23187 at 370C for 1 h. In some experiments, 100 MM L-N-monomethyl arginine (L-NMMA) was added to the buffer. To measure nitrite content, 500-M1 aliquots of the buffer from the COS-7 cells were placed in 2-ml vials and sealed with an aluminum and Teflon cap. The samples were then purged of oxygen using nitrogen gas via needles inserted through the Teflon. Nitrite was converted to NO gas by the addition ofa excess of5% Nal and trichloroacetic acid. The samples were then purged with a stream ofnitrogen gas that was directed via vacuum into the reaction chamber ofa chemiluminescence nitric oxide analyzer. The chemiluminescence analyzer was calibrated daily using nitrite standards.
In separate experiments, a monoclonal antibody directed against the BAEC NO synthase was used to examine enzyme expression by transfected and nontransfected COS-7 cells. Homogenates of COS-7 cells were suspended in 50 mM containing 5 Mg/ml PMSF. Protein content was determined using a modified Bradford assay (20) . 10 Mg protein was size-fractionated electrophoretically using 7.5% SDS polyacrylamide gel. The proteins were transferred to a nitrocellulose membrane blocked with 5% casein Tris-buffered saline solution containing 1% Tween (TBS-T) at 22°C, pH 7.6. The membranes were then incubated overnight with a 1:1,000 dilution of murine monoclonal antibody, mAb H32 (21 ), directed against the BAEC NO synthase (kindly provided by Jennifer Pollock and Ulrich Forstermann, Vascular Biology Group, Abbott Laboratories, Abbott Park, IL) in TBS-T. The membranes were subsequently incubated with a goat anti-mouse secondary antibody conjugated to horseradish peroxidase (Amersham Corp., Arlington Heights, IL). Excess antibody was removed by sequential washings with TBS-T. Signals were detected using the ECL detection system (Amersham Corp.) on standard x-ray film.
Regulation ofNO synthase expression. To test the hypothesis that shear stress may modulate expression of NO synthase mRNA, BAEC were grown on mylar sheets to confluence as previously described (22) .
Subsequently, the cells were placed in a specially designed parallel plate chamber designed to allow the application of precise quantities of steady state shear. Cells were exposed for 24 h to either no shear or to a shear stress of 15 dyns/cm2. The cells were then lysed in guanidinium isothiocyanate and total RNA was isolated using phenol extraction. Total RNA (20 Mg) was size-fractionated on a 1.0% agarose/3% formaldehyde gel and transferred to a nitrocellulose membrane. Hybridizations were performed overnight using a [32P]dCTP labeled, random primed, 2.1-kb cDNA fragment from clone pBOS 2.1 ( Fig. 1) at 42°C, 50% formamide, 10 Mg/ml sheared salmon sperm DNA in 6x SSC, 5x Denhardt's solution, and 0.5% SDS. The membranes were then washed for 30 min twice at 42°C, 2X SSC, 1% SDS, and subsequently at high stringency for 30 min once at 65°C using 0.2x SSC and 0.1% SDS.
In a separate study, NO synthase protein content ofBAEC exposed to either static conditions or to shear stress was examined using Western analysis as described in the studies of NO synthase expression in COS-7 cells.
In separate experiments, 100 U/ml tumor necrosis factor a (TNFa) (Boehinger Mannheim, Indianapolis, IN) was added to the medium ofBAEC grown in T-75 flasks for 24 h before isolation oftotal RNA for Northern analysis of NO synthase expression, as described above.
In all studies of NO synthase mRNA expression, the nitrocellulose membranes were stripped and subsequently hybridized with a cDNA for GAPDH to serve as a control. (Fig. 1, A and B) . Nitrite release in response to the calcium ionophore A23187 was abolished in the presence of L-NMMA. In addition, only COS-7 cells transfected with pBOS-1 3 expressed a protein detected by an antibody against purified NO synthase (Fig. 1 C) calculated relative molecular mass of 133,286 (Fig. 2) . This ATG is a stronger candidate for a potential translation initiator than the next downstream ATG beginning at residue 654 (23) . The size of this deduced protein is consistent with previous estimates from studies ofpurified endothelial cell NO synthase (24) . Overall, the endothelial cell NO synthase is 58 and 51% identical to the cloned rat brain and mouse macrophage NO synthases, respectively (15) (16) (17) . Like these, the deduced endothelial cell NO synthase protein contains amino acid sequences with homologies to binding domains for FMN, FAD, and NADPH. The endothelial cell NO synthase has several unique features. Six potential cAMP-dependent protein kinase phosphorylation sites are present at residues Ser,16, SerI45, Ser170, Ser635, Ser740, and Ser,053 (25) . The amino terminus of the endothelial NO synthase is enriched in proline residues. This region also contains many potential phosphate acceptor sites for proline-dependent protein kinase (26 thelial cell NO synthase contains no strongly hydrophobic regions, suggesting an absence ofmembrane binding regions. Importantly, Gly2, followed by Asn3 and Ser6, is one of the sequences previously identified to be a substrate for amino terminal myristoylation (27) . Regulation ofNO synthase expression in BAEC. Northern analysis of mRNA expression by BAEC in culture revealed an abundant 4.8-kb message (Figs. 3 and 4) . Exposure to shear stress of 15 dyn/cm2 substantially increased both NO synthase mRNA and protein expression above that observed in cells not exposed to shear (Fig. 3 A) . Exposure to shear also increased expression of NO synthase protein (Fig. 3 B) .
TNFa is one of the cytokines known to stimulate production of the inducible NO synthase within various tissues, including the endothelium (26) . In contrast to the expected effect of TNFa on expression of the inducible NO synthase, the expression of mRNA identified by pBOS 2.1 was decreased by 24-h exposure to this cytokine (Fig. 4) .
Discussion
We have isolated, characterized, and expressed the endothelial cell NO synthase cDNA. The deduced amino acid sequence of the endothelial cell NO synthase reveals several properties that might be predicted from studies ofthe purified enzyme including regions with homology to binding domains for flavin adenine nucleotides, flavin mononucleotides, NADPH, and calcium/calmodulin. These cofactors are known to modulate activity of the enzyme purified from the endothelium ( 10, 14) , and are shared with both the recently cloned rat cerebellar and mouse macrophage NOS isoforms.
The deduced BAEC NO synthase structure has 58 and 51% homology to the rat brain and mouse macrophage NO synthases, respectively (15) (16) (17) (18) . Interestingly, the carboxy-terminal two-thirds of these proteins are highly homologous, while the amino terminal portions are unique to each isozyme. a regulatory mechanism unique to the endothelial cell NO synthase (26) .
The endothelium responds to sever~l cytokines and endotoxin by expressing an inducible NO synthase (28) . The cDNA isolated and sequenced in these studies does not represent this inducible form of NO synthase. In preliminary studies, cells exposed to TNFa markedly increased production of nitrite, compatible with the induction ofNO synthase activity. Despite this, mRNA for the constitutive NO synthase did not increase, but in fact decreased in response to TNFa. These findings demonstrate that the NO synthase cloned in these studies is not the cytokine-induced enzyme. The mechanism underlying the decrease in constitutive NO synthase mRNA remains. unclear, but may represent either a direct effect of TNFa on transcription or message stability, or an inhibitory effect of the nitric oxide produced by the induced enzyme on the transcription of the constitutive enzyme.
Blood vessels exposed to chronic elevations of shear stress demonstrate augmented endothelium-dependent vascular relaxations, even when removed from the chronic shear environment (29, 30) . While there are several mechanisms by which this could occur, one might relate to increased expression of NO synthase. Our present studies indicate that this may occur. Exposure of BAEC to 15 dyn/cm2 for 24 h clearly increased NO synthase expression above that observed in the absence of shear.
Studies of cellular subfractions have shown that the endothelial cell NO synthase is largely (> 80-90%) associated with the particulate cellular fraction ( 14). Analysis of the endothelial cell enzyme structure failed to reveal any regions of sufficient size and composition to be compatible with a membranespanning domain. An alternate mechanism ofmembrane association of proteins invQlves attachment to fatty acids, particularly myristic acid near the amino terminus. This process is catalyzed via acyl transferases, and the substrates for these have recently been characterized (27) . The amino-terminal Gly2-Ser6 of NO synthase may serve as one such substrate, and may provide a mechanism whereby the enzyme may associate with cellular particulate fractions. Further experiments are needed to confirm this.
The BAEC NO synthase contains several consensus seEndothelial Nitric Oxide Synthase 2095 quences that may be substrates for phosphorylation by protein kinase A (25) . Phosphorylation ofthe brain NO synthase does not alter its activity ( 31 ) ; however, this may not apply to the endothelial cell NO synthase. It has been suggested that substances that increase endothelial cell cAMP concentrations decrease production of the endothelium-derived relaxing factor (32) . Indeed, pharmacologic inhibition ofprostacyclin production usually does not alter endothelium-dependent vascular relaxation, despite the fact that prostacyclin is a potent vasodilator. The presence of protein kinase A phosphorylation sites on the endothelial NO synthase provides a potential explanation for this observation. It is possible that basally released prostacyclin by activating adenylate cyclase and producing phosphorylation of this region could decrease NO synthase activity. Blockade of prostacyclin production would increase the production of endothelium-derived nitric oxide and compensate for this loss of prostacyclin vasodilatation. In this regard, the two pathways may truly be complementary with regard to regulation of vasomotion. The cloning of the endothelial NO synthase now makes possible structural and mechanistic studies of these regulatory events.
